p90 ribosomal S6 kinase (RSK1) is an effector of both Ras/MEK/MAPK and PI3K/PDK1 pathways. We present evidence that RSK1 drives p27 phosphorylation at T198 to increase RhoA-p27 binding and cell motility. RSK1 activation and p27pT198 both increase in early G 1. As for many kinase-substrate pairs, cellular RSK1 coprecipitates with p27. siRNA to RSK1 and RSK1 inhibition both rapidly reduce cellular p27pT198. RSK1 overexpression increases p27pT198, p27-cyclin D1-Cdk4 complexes, and p27 stability. Moreover, RSK1 transfectants show mislocalization of p27 to cytoplasm, increased motility, and reduced RhoA-GTP, phospho-cofilin, and actin stress fibers, all of which were reversed by shRNA to p27. Phosphorylation by RSK1 increased p27pT198 binding to RhoA in vitro, whereas p27T157A/ T198A bound poorly to RhoA compared with WTp27 in cells. Coprecipitation of cellular p27-RhoA was increased in cells with constitutive PI3K activation and increased in early G 1. Thus T198 phosphorylation not only stabilizes p27 and mislocalizes p27 to the cytoplasm but also promotes RhoA-p27 interaction and RhoA pathway inhibition. These data link p27 phosphorylation at T198 and cell motility. As for other PI3K effectors, RSK1 phosphorylates p27 at T198. Because RSK1 is also activated by MAPK, the increased cell motility and metastatic potential of cancer cells with PI3K and/or MAPK pathway activation may result in part from RSK1 activation, leading to accumulation of p27T198 in the cytoplasm, p27:RhoA binding, inhibition of RhoA/Rock pathway activation, and loss of actomyosin stability. p27 phosphorylation ͉ PI3K ͉ actin cytoskeleton
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p27 phosphorylation ͉ PI3K ͉ actin cytoskeleton T he Cdk inhibitor, p27, is a key regulator of cell proliferation and differentiation that binds and inhibits cyclin E-Cdk2 (1) and promotes assembly of D-type cyclin-Cdks (2) (3) (4) . p27 levels fall during G 1 progression through controlled translation (5, 6) and timed proteolysis (7) , and microRNAs (miRNAs) may regulate its synthesis (8) . Multiple mechanisms regulate p27 proteolysis and cellular localization (1) . Tyrosine phosphorylation of p27 in early G 1 leads to loss of its inhibitory action toward Cdk2, facilitating Cdk2 activation and the subsequent phosphorylation of p27 at T187 by Cdk2, which promotes SCF SKP2 -dependent p27 proteolysis (9, 10) . Tyrosine phosphorylation of p27 is also required for activation of assembled cyclin D1-Cdk4-p27 complexes to promote G 1 progression (4, 10, 11) . In early G 1 , mitogens drive p27 export, and the cytoplasmic Kip1-ubiquitination-promoting-complex (KPC) mediates p27 degradation (12) . p27 contains nuclear export (13) and nuclear localization signals (NLS) (14) , and its localization is cell cycle regulated. p27 contains 2 ACG kinase consensus motifs surrounding threonine-157 (T157) and threonine-198 (T198) and PI3K signaling regulates p27 localization (1, (15) (16) (17) (18) . PI3K is frequently activated in cancers by upstream receptor tyrosine kinases, PTEN deletion, or mutations of genes encoding PI3K and effector kinases (19) . Although p27 is largely nuclear in normal cells, many human cancers exhibit cytoplasmic p27 mislocalization (1) . Protein kinase B (PKB or AKT) and SGK1 are downstream PI3K effectors that phosphorylate the p27NLS at T157 (15-18), and their constitutive activation mislocalizes p27 to the cytoplasm (15, 18, 20) by impairing its nuclear import (15) . p90 ribosomal S6 kinase (RSK) is a serine/threonine kinase activated downstream of both MAPK and PI3K. RSK1 phosphorylates transcription factors, signaling kinases, and proapoptotic proteins to regulate cell survival and proliferation (21) . RSK1 was shown to phosphorylate p27 in vitro (22) , but the action of endogenous RSK1 on cellular p27 was not previously demonstrated and the in vivo relevance to p27 function remained unclear.
p27 binds cytoskeleton components to regulate cell shape and motility. p27-null mouse embryonic fibroblasts (MEFs) have decreased motility compared with wild-type MEFs. Reexpression of wild-type p27 or a mutant unable to bind cyclin-Cdks restored cell motility, thus the motility effects of p27 may be independent of its cell cycle function (23) . p27 was shown to bind RhoA, inhibiting RhoA-GEF binding and RhoA-dependent ROCK1 activation, leading to increased cell motility (23) . Cytoplasmic p21 also disrupts actin stress fiber stability by binding and inhibiting ROCK1 (24) . Many cancers show cytoplasmic mislocalization of p27 (1). Although cytoplasmic p27 may disrupt actin stress fiber stability to promote motility and metastasis, the signaling pathways that regulate p27 effects on the cytoskeleton are not fully elucidated.
Present data suggest that RSK1 regulates p27 localization and RhoA-dependent cytoskeleton stability. Cellular RSK1 binds p27, and RSK1 overexpression mislocalizes p27 to the cytoplasm and increases cell motility. The increased cell motility and loss of stress fibers and RhoA-GTP in RSK1-transfectants are reversed by p27 knockdown. RSK1-mediated T198 phosphorylation of p27 increases binding to RhoA in vitro. These data support a model in which RSK1 phosphorylates p27, promoting p27-RhoA binding and RhoA inhibition. RSK1 may contribute to loss of actin stress fibers and increase cell motility after Ras/MAPK and PI3K activation in human cancers.
Results

RSK1 Activation and p27pT198
Increase in Early G1. Transfected HA-RSK1 and FLAG-p27 coprecipitate in 293T cells, and RSK1 has been shown to phosphorylate p27 in vitro (22) . To investigate further the in vivo relevance of RSK1 in p27 regulation, the cell cycle dependence of cellular RSK1 activation and p27 phosphorylation at putative RSK1 sites was assayed across the cell cycle. RSK1 activity, detected as activated RSK1pS380, was minimal in G 0 , peaked in G 1 , and decreased in S phase. RSK1 levels decreased during G 1 . Phosphorylation of GSK3-␤, a known RSK1 substrate, followed RSK1 activation (Fig. 1A) . p27 phosphorylated at T157 (p27pT157) and T198 (p27pT198) were minimal in G 0 , peaked in G 1 as total p27 decreased, and fell with S phase entrance (Fig. 1 A) . RSK1 Inhibition Rapidly Reduces p27pT198. Because RSK1 activation coincides with p27pT157 and p27pT198 appearance in G 1 , we tested effects of RSK1 inhibition on these phosphorylated forms of cellular p27. The specific RSK1 inhibitor SL0101 (25) rapidly reduced GSK3-␤ phosphorylation and p27pT198 levels, whereas total p27 was unchanged (Fig. 1B) . Of note, p27pT157 levels were not affected by RSK1 inhibition. In vitro action of recombinant RSK1 on His-p27WT was modestly reduced on the p27T157A substrate, and decreased by 50% toward p27T198A (Fig. S1 ). Thus although mutations converting T157 and T198 to alanine each reduce p27 phosphorylation by RSK1, the kinase shows a preference for T198 in vitro and only p27pT198 was affected by RSK1 inhibition in WM239 cells. RSK1 is activated by both MAPK and PI3K/PDK1. Both the MEK inhibitor U0126 and the PI3K inhibitor LY294002 inhibited RSK1 and rapidly decreased p27pT198 (Fig.  1C) , without changing total p27 levels. Thus both direct and indirect RSK1 inhibition reduces p27pT198.
Prolonged RSK inhibition with SL0101 and RSK1 knockdown both caused G 1 arrest (Fig. 1 D and E) . This was at least in part p27 dependent because prior shRNA-mediated p27 knockdown impaired G 1 arrest by SL0101 (Fig. 1F) . Prior data also showed that RSK1-2 inhibition impairs cell proliferation (25, 26) . (Fig. S2A ) and WM35 populations transduced with pBabe RSK1-WT or constitutively active pBabe RSK1-CA showed increased RSK1, phospho-GSK3-␤, p27 levels, with an even greater increase in p27pT198 ( Fig.  2A) . Although both T157 and T198 are in putative RSK1 consensus motifs in p27, only p27pT198 was increased in RSK1-WT and RSK1-CA cells (Fig. 2 A) , whereas p27pT157 was not. p27 stability was increased in RSK1-CA compared with WM35 (Fig. 2B) .
Transforming growth factor ␤ (TGF-␤) is a potent mediator of G 1 arrest. Although multiple redundant cell cycle effects cause TGF-␤ arrest in normal cells, p27 is essential for TGF-␤ arrest in WM35 melanoma cells (27) . RSK1-WT and RSK1-CA overexpression impaired G 1 arrest by TGF-␤ (Fig. 2C ). Additional RSK1 clones also showed increased p27 and TGF-␤ resistance (Fig. S2B ). RSK1 levels and activity were compared in TGF-␤-sensitive WM35 One week later, 50 M SL0101 was added for 48 h followed by analysis of cell cycle distribution and pRSK1, p27, and p27pT198 levels. and resistant WM239 melanoma lines. PI3K is activated in WM239 by PTEN loss (15), and these cells have increased p27 and activation of PI3K-dependent PDK1, PKB, and RSK1 (Fig. 2D ). WM239 also showed greater pMAPK than WM35. Both PI3K and MEK/MAPK activation would increase RSK1pS380 in TGF-␤ resistant WM239.
Although cyclin E, Cdk2, and Cdk4, and cyclin E-bound p27 levels were unchanged, p27, cyclin D1, and Cdk4-cyclin D1-p27 complexes were increased in RSK1-WT-and RSK1-CA-infected cells (Fig. S3 ) and in WM35-RSK1-3. The increased cyclin D1 is due in part to its stabilization by RSK1-mediated GSK3-␤ inhibition (Fig. 2 A) because GSK3-␤ promotes cyclin D1 degradation (28) . Accumulation of p27 in cyclin D1-Cdk4 complexes would shift the equilibrium away from binding and inhibition of cyclin E-Cdk2, contributing to TGF-␤ resistance. The accumulation of p27 in Cdk6 complexes after Ras transfection (29) may be due in part to Ras/PI3K-dependent RSK1 activation.
Cellular RSK1 Binds p27 and RSK1 Mislocalizes p27 to Cytoplasm.
Because many kinase-substrate pairs interact, we assayed if cellular p27 and RSK1 coprecipitate. In both WM35 and WM239 cells, RSK1 coprecipitated with cellular p27 (Fig. 3A) . p27-RSK1 complexes were more abundant in the cytoplasm than the nucleus in WM239 (Fig. 3B Right) . RSK1-overexpressing cells showed abundant cytoplasmic cellular p27, whereas p27 was predominantly nuclear in parental WM35 cells (Fig. 3C) . Transfected YFP-p27WT localized to nuclei in WM35 cells but was both nuclear and cytoplasmic in RSK1-3, RSK1-HA5, RSK1-WT, and RSK1-CA cells (Fig. 3 D and E) .
The localization of cellular p27pT198 and p27-cyclin D1-Cdk4 complexes was assayed in WM35 and in RSK1-CA cells released from serum starvation. Although p27 was largely nuclear in WM35, RSK1-CA had increased cytoplasmic p27 at all time points. In contrast, p27pT198 was predominantly cytoplasmic in both lines (Fig. 3F) . In parental WM35, p27-cyclin D1-Cdk4 complexes detected in early to mid-G 1 were predominantly nuclear. With constitutive RSK1 overexpression, p27-cyclin D1-Cdk4 complexes were increased (Fig. S3C ) and detected in both nucleus and cytoplasm (Fig. 3G) .
RSK1 Overexpression Inhibits RhoA and Increases Cell Motility in a
p27-Dependent Manner. Because RSK1 increases cytoplasmic p27, we assayed the potential influence of RSK1-mediated T198 phosphorylation of p27 on cell motility. RSK1-CA showed decreased RhoA-GTP and decreased phosphorylation of the RhoA/ROCK1 substrate, cofilin, compared with WM35 (Fig. 4A) . In RSK1-CA, p27 knockdown restored RhoA-GTP and p-cofilin to levels seen in WM35. To further evaluate RhoA pathway integrity, actin stress fibers were visualized. In early G 1 , actin stress fibers were dramatically reduced in RSK1-CA compared with WM35. p27 knockdown restored phalloidin staining of actin stress fibers in RSK1-CA to levels similar to those in WM35 (Fig. 4B) . Thus RSK1 mediates p27-dependent RhoA pathway inhibition and loss of actin stress fibers.
RSK1-CA cells also showed increased cell migration and motility, which were reversed by p27 knockdown. Cell migration was assayed after ''wounding'' of a confluent cell monolayer. At 24 h after wounding, RSK1-CA migration was significantly greater than WM35 (Fig. 4C) . RSK1-CA also had a 3-fold greater migration in a modified Boyden chamber transwell assay compared with WM35 (Fig. 4D) . p27 shRNA dramatically reduced migration in both wound healing and transwell assays (Fig. 4 C and D) . Thus RhoA inhibition in RSK1-CA cells contributes to increased cell motility, in large part due to p27 misregulation.
RSK1 Increases p27
Binding to RhoA. To investigate further how RSK-1 increases p27-dependent cell motility, YFPp27WT and YFPp27T157A/T198A (p27AA) were transiently transfected, and their binding to cellular RhoA was assayed. Although p27AA was modestly reduced in WM35 compared with p27WT (Fig. 5A  Upper) , RhoA-bound p27AA was less than would be expected due to differences in p27WT and p27AA levels alone (Fig. 5A Lower) . RSK1-CA cells showed increased RhoA-p27 complexes, but less p27AA bound RhoA than p27WT (Fig. 5A) . RhoA-p27AA complexes were reduced in both lines compared with RhoA-p27WT (Fig. 5A) . The binding of nonphosphorylatable p27 (p27AA) to RhoA was reduced but not abolished, suggesting that p27 phosphorylation regulates the extent or stability of p27-RhoA interaction.
To test how p27 phosphorylation by RSK1 affects p27-RhoA binding in vitro, recombinant His-p27WT was reacted with RSK1 kinase. Reaction mixtures were then boiled to inactivate RSK1 and heat-stable His-p27WT was recovered and incubated with GSTRhoA. RSK1 treatment increased p27pT198 phosphorylation (Fig.  5B, input) , and increased p27 binding to GST-RhoA in vitro (Fig.  5B , GST-pulldown).
Both p27pT198 and p27-RhoA Complexes Increase in Early G 1 . Endogenous p27-RhoA complexes were also detected in WM239. The PTEN-deleted WM239 line shows activation of PI3K effectors (Fig.  2D ), higher p27 levels than in WM35, and cytoplasmic p27 mislocalization (15) . Cell lysates of WM35 and WM239 were titrated to obtain equal amounts of p27. To ensure precipitation of equal amounts of p27, 2 times more WM35 lysate (2ϫ) was used than WM239 lysate (1ϫ); see Fig. 5C , ␤-actin blot. Although the input of total lysate for WM239 was half that for WM35, p27pT198 was greater in the WM239 lysate input (Fig. 5C ). When equal amounts of cellular p27 were precipitated, WM239 showed higher p27-bound RhoA than WM35 (Fig. 5D ).
To further evaluate p27-RhoA binding across the cell cycle, WM35 cells were synchronized by serum starvation and then released at time ϭ 0 h and lysates were recovered at the intervals shown. Although total p27 levels fell during G 1 progression, both p27pT198 and p27-bound RhoA increased, peaking at 8 h and then falling in late G 1 (Fig. 5E ).
Discussion
RSK1 is an effector of both the Ras-PI3K and Ras-MAPK pathways and is phosphorylated by both PDK1 and MAPK. It plays roles in transcription, translation, and mitogenesis (21) . Prior evidence has implicated RSK1 as a regulator of p27. RSK1 was shown to phosphorylate p27 in vitro and when overexpressed after transfection, RSK1-p27 complexes were detected in 293 cells (22) . Here we demonstrate that cellular p27 and RSK1 coprecipitate and that RSK1 activation and p27 phosphorylation at T198 show similar kinetics in G 1 . Moreover, specific inhibition of RSK1 rapidly reduced p27pT198 levels and caused a p27-dependent G 1 arrest. p27 can be phosphorylated at T198 in vitro by a number of kinases, including RSK1, AKT, and AMPK (22, (30) (31) (32) . p27 phosphorylation at T198 appears to increase p27 stability. p27T198A has a shorter t 1/2 than p27WT in transfected fibroblasts and in p27T198A knock-in MEFs (33) . In addition, nutrientdeprived cells showed AMPK-dependent elevation of p27pT198 and increased p27 stability (31) , and transfected p27T198D was stable and p27T189A unstable in MCF-7 cells (31) . Because T198 phosphorylation stabilizes p27, the increased p27 stability in RSK1-CA cells is consistent with the notion that RSK1 phosphorylates cellular p27 at T198.
The effect of T198 phosphorylation on p27 localization appears to be cell-type dependent and influenced by coordinate activation of different signaling pathways. In quiescent cells, under conditions that stimulate autophagy and AMPK activation, stable p27pT198 accumulates in cell nuclei (31) . p27pT198 was elevated in RSK1-CA compared with the parental WM35 melanoma lines used herein and was predominantly cytoplasmic, and levels increased in early G 1 and declined in late G 1 . In primary human breast cancers with activated PKB/AKT, p27pT198 is detected only in the cytoplasm (32) , and transfected p27T198D localizes to the cytoplasm (22, 31) . Thus in contrast to effects of AMPK, activation of RSK1 and PKB/AKT both appear to increase p27pT198 and shift p27 to the cytoplasm. Although concomitant phosphorylation of p27 at T157 would reduce nuclear p27 import (15, 20) , none of the RSK1 transfectants showed an increase in p27pT157, and RSK1 inhibition did not reduce p27pT157 levels. Our prior work indicated that p27 phosphorylation by PKB/AKT mediates an increase in cyclin D1-Cdk4-p27 complexes and support a model in which AGC-mediated phosphorylation of p27 increases cyclin D1-Cdk4-p27 assembly, whereas tyrosine phosphorylation of p27 is required for kinase activation (4). Here we show that constitutive RSK1-overexpressing cells have increased cyclin D1-Cdk4-p27 complexes and, in contrast to WM35 where cyclin D1-Cdk4-p27 complexes are predominantly nuclear, these complexes are present in both nucleus and cytoplasm in RSK1-CA. It is not clear whether this represents accumulation of nonfunctional cytoplasmic p27-cyclin D1-Cdk4 or whether this reflects constitutive complex formation (and potentially activation) overwhelming the nuclear import mechanism. The latter may be more likely because other lines with constitutive Ras (29) or PKB/AKT activation (34) not only exhibit increased cyclin D1-Cdk4/6-p27 complexes but also show higher cyclin D1-Cdk activity. Stable cytoplasmic p27pT198 may acquire an oncogenic gain of function to promote cyclin D1-Cdk4 assembly and also to regulate cancer cell motility.
It has been proposed that p27 may contribute to oncogenic progression through an increase in cell motility. Nagahara et al. (35) showed that transduction of TAT-p27 in HepG2 hepatocellular carcinoma cells promotes cell migration. The C-terminal portion of cytoplasmic p27 was subsequently found to be required for activation of migration, but the mechanism thereof remained unclear (36) . Besson et al. (23) showed that p27 and RhoA interact both in vitro and in RhoA-transfected cells, and p27 interferes with RhoA activation by impairing the interaction between RhoA and its activator, the guanosine-nucleotide exchange factor (GEF).
The present data provide evidence that T198 phosphorylation of p27 may facilitate the interaction of p27 with RhoA. RSK1-CA cells not only exhibited an increase in cytoplasmic p27 they also showed increased RhoA-bound p27. p27T157A/T198A bound poorly to cellular RhoA compared with p27WT, and phosphorylation of p27 by RSK1 increased p27 binding to RhoA in vitro, suggesting that p27 phosphorylation positively regulates p27-RhoA interaction. We also demonstrate the presence of endogenous RhoA in cellular p27 complexes. Cellular p27-RhoA complexes were increased, as was the extent of p27 phosphorylation at T198 in the PTEN-deleted WM239 line compared with WM35. Moreover, T198 phosphorylation of p27 and cellular p27-RhoA complexes increased with similar kinetics during early G 1 , while total p27 levels fell. RSK1-CA cells showed reduced actin stress fibers, reduced RhoA-GTP and p-cofilin, and an increase in cell migration and motility, all of which were reversed by knockdown of p27. These data support a model in which RSK1-mediated phosphorylation of p27 at T198 increases p27-RhoA interaction to inhibit the RhoA pathway and reduce actin cytoskeleton stability. This may play a role in G 1 to prepare cells for the shape changes that must occur during later phases of the cell cycle. In addition, constitutive phosphorylation of p27 at T198 in cancer cells would increase p27 stability and mislocalize p27 to the cytoplasm to promote cell migration and motility.
The effect of p27 on cell motility and migration has been a subject of controversy. In fibrosarcoma cells, p27 was shown to reduce cell motility by binding and inhibiting stathmin, a protein that promotes microtubule depolymerization (37) . Because p27 phosphorylation at T198 appears to promote its interaction with RhoA, the binding of p27 to stathmin may also be regulated by phosphorylation via cell-type dependent signaling.
Cytoplasmic mislocalization of p27 has been reported in many human tumors and is most commonly associated with adverse patient outcome (1) . In up to 40% of primary human breast cancers, cytoplasmic p27 is seen in association with PKB/AKT activation (15) (16) (17) . In human breast cancers, p27pT198 was detected exclusively in the cytoplasm (33) . Cytoplasmic p27 was associated with poor prognosis in acute myelogenous leukemia (AML) (38) and in pancreatic (39) , ovarian (40) , prostate (41) , and breast carcinomas (15) . The notion that excess cytoplasmic p27 may actively contribute to malignant progression is supported by observations that expression of cytoplasmic p27 (NESp27) increased cell motility in vitro and increased metastasis in a melanoma xenograft model (42) . Expression of p27⌬NLS, a mutant that localizes to the cytoplasm, decreased RhoA activation and increased cell motility in MCF-7 cells (43) . In knock-in animals, p27 CK-localized to cytoplasm and enhanced proliferation of progenitor cell populations to promote tumorigenesis (44) .
Multiple effectors downstream of PI3K cooperate to regulate p27. The present data, together with prior observations, support a role for RSK1 in this process. RSK1 activation in early G 1 is temporally linked to the increase in p27pT198. Drug-mediated RSK inhibition rapidly decreased p27pT198 and cells expressing constitutively activated RSK1 (RSK1-CA) showed increased, predominantly cytoplasmic p27pT198, whereas mutation of T198 attenuated in vitro phosphorylation by RSK1. Oncogenic MAPK-and PI3K-mediated RSK1 activation may constitute one mechanism underlying cytoplasmic p27 mislocalization, leading to reorganization of the actomyosin cytoskeleton and increased cellular motility and metastatic potential in human cancers. Therapeutic inhibition of RSK may not only inhibit cell proliferation (25, 26) but also oppose molecular mechanisms that drive cancer cell metastasis.
Materials and Methods
Cell Culture. WM35, its RSK1-transfectants, and WM239 cells were cultured as described by Liang et al. (15) . WM35 and RSK1-CA were starved (0.1% FBS) for 48 h, stimulated with 5% FBS, and then recovered for protein and flow cytometry. Cells were treated with 10 M LY294002 (Biomol Research Labs), 5 M UO126 (Promega), or 50 M SL0101 (25) for indicated times. TGF-␤ (2.5 ng/mL) treatment was 48 h.
Antibodies. Antibodies to phosphorylated and total RSK1, GSK3-␤, PKB, PDK1, and MAPK were from Cell Signaling; to Cdk4, p27, Cdk2, total GSK3-␤, RhoA, p-cofilin, total cofilin, and RCC1 were from Santa Cruz Biotechnology; to p27 were from Transduction Laboratories; to p27pT157 and p27pT198 (31) were from R & D; to cyclin D1 and Cdk4 were from Lab Vision; and to ␤-actin were from Sigma. Cyclin E1 antibodies E12 and E172 were from E. Harlow (Harvard University, Boston, MA). p27 was precipitated with SC-19 (Santa Cruz Biotechnology) and p27-bound RhoA was detected with ␣-RhoA mAb from Abcam.
Immunoprecipitation and Western Blotting. Precipitation and blotting used 200 and 50 g of protein lysate, respectively, as described by Liang et al. (15) . Antibody-alone controls were run with all immunoprecipitations, and ␤-actin verified equal loading. Cellular p27pT198 was detected either by direct blotting of 50 -100 g of lysate with the anti-p27pT198 or by precipitation with p27pT198 antibody (500 g of lysate per immunoprecipitation) and immunoblotting with total p27 antibody. To detect cellular p27-bound RhoA, p27 precipitates from 1.5 mg of WM239 and 3 mg of WM35 lysates were resolved and RhoA blotted (Abcam). Nuclear/cytoplasmic fractionation was as in Connor et al. (13) . Equal cell volumes of nuclear and cytosolic fractions were used for Western blots and for Cdk4 immunoprecipitation blots. Nuclear RCC1 served as fractionation control.
Plasmids and Transfections. pcDNA3-RSK1 (45) or pMT2-RSK1HA (46) was transfected into WM35 with Lipofectamine PLUS (GIBCO) and clones were selected. RSK1-WT and RSK1-CA were cut from pLPCX-RSK1WT and pLPCX-RSK1CA (47), respectively, with SnaBI and EcoRI, and ligated into pBABE-puro. pBABE-
